Ikramuddin S, Earthman CP. Comparison of DXA and water measurements of body fat following gastric bypass surgery and a physiological model of body water, fat, and muscle composition. J Appl Physiol 109: 786 -795, 2010. First published June 17, 2010 doi:10.1152/japplphysiol.00278.2010.-Measurement of body composition changes following bariatric surgery is complicated because of the difficulty of measuring body fat in highly obese individuals that have increased photon absorption and are too large for the standard dual-energy X-ray absorptiometry (DXA) table. We reproducibly measured body composition from half-body DXA scans and compared the values of total body fat estimated from total body water (TBW) and DXA measurements before and after Roux-en-Y gastric bypass surgery (RYGB). DXA, TBW (deuterium dilution), extracellular water (ECW; bromide dilution), and intracellular water (ICW) measurement (by subtraction) were made before surgery and at 2 wk, 6 wk, 6 mo, and 12 mo after surgery. Twenty individuals completed baseline and at least four follow-up visits. DXA appeared to underestimate the fat and bone mass in extreme obesity (before surgery), whereas at 6 and 12 mo after surgery, the DXA and TBW fat measurements were similar. The ECW-to-ICW ratio was increased in obese individuals and increased slightly more after surgery. We describe a new model that explains this abnormal water composition in terms of the normal physiological changes that occur in body composition in obesity and weight loss. This model is also used to predict the muscle mass loss following RYGB. bariatric; muscle mass; extracellular water; intracellular water; deuterium dilution; bromide dilution; fat mass; body composition BARIATRIC SURGERY not only results in dramatic weight loss but also relieves most of the comorbidities associated with obesity. Numerous studies have evaluated the changes in body composition following bariatric surgery (summarized in Tables 1 and 2 ) to determine the degree to which the body fat, muscle, and water distribution approach that of normal-weight individuals. The major limiting factor in these measurements is the difficulty of measuring body fat in the extremely obese. The three-compartment (3C) approach [from body density and total body water (TBW)] is usually considered the gold standard; however, because of technical difficulties, only 1 of the 21 total studies listed in Table 1 used it. Other methods for measuring body fat listed in Table 1 include TBW, body density, bioelectrical impedance analysis (BIA), and dual-energy X-ray absorptiometry (DXA).
BARIATRIC SURGERY not only results in dramatic weight loss but also relieves most of the comorbidities associated with obesity. Numerous studies have evaluated the changes in body composition following bariatric surgery (summarized in Tables 1 and 2 ) to determine the degree to which the body fat, muscle, and water distribution approach that of normal-weight individuals. The major limiting factor in these measurements is the difficulty of measuring body fat in the extremely obese. The three-compartment (3C) approach [from body density and total body water (TBW)] is usually considered the gold standard; however, because of technical difficulties, only 1 of the 21 total studies listed in Table 1 used it. Other methods for measuring body fat listed in Table 1 include TBW, body density, bioelectrical impedance analysis (BIA), and dual-energy X-ray absorptiometry (DXA).
Although DXA is now a well-accepted method for measuring body fat, there are problems with the use of standard DXA instruments in extremely obese individuals. Instrument size, weight limitations, and the high degree of photon absorption with increasing trunk thickness may produce errors in the DXA measurements (8, 14, 37, 40) . One purpose of this study was to investigate the accuracy of the DXA measurement by comparing it with the TBW measurements of body fat. We minimized the problem of the size and weight limitations of the standard DXA table by making measurements on only one-half of the body.
A second purpose of this study was to investigate the changes in intracellular (ICW) and extracellular water (ECW) that occur following bariatric surgery. It is well recognized that the ratio ECW/ICW in obese individuals is significantly greater than the normal-weight reference value of 0.76 (8) . Most interestingly, this high ratio does not decrease following bariatric surgery, and in most of the studies reviewed in Table 2 , it actually increases. This is usually explained as some sort of obesity-related chronic alteration in fluid regulation (27, 29, 37, 51) . We have reexamined this question with a combination of measurements of DXA, TBW, and ECW and show that the water distribution can be explained in terms of the normal physiological changes in body composition that occur in obese subjects before and after surgery.
An important question about the weight loss following bariatric surgery is the degree of muscle mass loss. Using whole body MRI as well as 40 K and [ 13 C]leucine kinetics, Gallagher et al. (16) observed a muscle loss of ϳ17% of the total weight loss following a hypocaloric diet (ϳ1,200 kcal/day) in mildly obese individuals. We are not aware of any quantitative measurements of muscle loss in highly obese individuals following bariatric surgery. In this study we describe a new body composition model that allows us to predict the muscle loss based on the TBW and ECW measurements along with some reasonable assumptions about fat, muscle, and skin body composition. Skeletal muscle mass at visits 1 and i LBM1, LBMi
Lean body mass at visits 1 and i TBW Total body water (kg)
MATERIALS AND METHODS

Subjects.
Extremely obese women who planned to undergo the laparoscopic Roux-en-Y gastric bypass (RYGB) procedure were recruited from the Weight Loss Surgery Center at the University of Minnesota Medical Center, Fairview. Individuals for this longitudinal analysis were participating in a follow-up study investigating body composition and metabolic changes after RYGB surgery. Partial body composition data from a subset of this study population has been reported elsewhere (26) . This study included five visits that were ϳ24 h in duration: visit 1, 30 -70 days pre-RYGB; visit 2, 2 wk post-RYGB; visit 3, 6 wk post-RYGB; visit 4, 6 mo post-RYGB; and visit 5, 12 mo post-RYGB. Of the 29 subjects who were enrolled in the study, 17 individuals completed all 5 time points; 20 completed visits 1, 3, 4, and 5; 1 dropped out of the study after visit 2; and 8 completed only visit 1. Exclusion criteria included the following: use of corticosteroids, testosterone, or anabolic agents; internally placed biomedical device (e.g., pacemaker); liver, renal, or heart failure; pulmonary hypertension; thyroid disease (included if treated and within normal limits); neoplastic disease; type 1 or uncontrolled type 2 diabetes mellitus (defined by HbA1c Ͼ7%); pregnancy; and/or history of previous weight loss surgery. The study protocol was reviewed and approved by the Institutional Review Board and the General Clinical Research Center (GCRC) at the University of Minnesota, and individuals provided written, informed consent before participating in the study.
Participants were instructed the day before admission to the GCRC to avoid caffeine, alcohol, and vigorous exercise for 24 h before testing. On admission to the GCRC, a peripheral intravenous (IV) line was inserted and remained in place for the following 18 h. To promote euhydration by day 2, participants received 1,600 ml of IV hydration at a rate of 200 ml/h during the afternoon of day 1 of their admission. They were provided a dinner meal at the GCRC and were fasted after 8:00 PM with the exception of water. Height and weight were measured using standardized procedures. Height was measured to the nearest 0.1 cm with the use of a wall-mounted stadiometer (model S100; Ayrton, Prior Lake, MN) at visit 1 only. After the first morning urine collection at all testing visits, weight was measured to the nearest 0.1 kg on a digital scale (model 5002, Scale-Tronix, White Plains, NY).
ECW measurements. ECW was determined by bromide (Br) dilution. A fasted baseline blood sample was collected at 7:00 AM of day 2. Immediately thereafter, a 3% (wt/vol) sodium bromide solution (NaBr; Sigma Chemical, St. Louis, MO) was infused by IV at a rate of 300 ml/h to provide a dose of 1 ml 3% NaBr solution/kg body wt. The bag and tubing set containing the NaBr were weighed before and after administration to determine the amount that was administered to the subject. Completion of the NaBr infusion marked the start of a 4-h equilibration period during which individuals remained fasted. A final blood sample at 4 h postinfusion was collected. All serum samples were centrifuged, tightly sealed, packed on dry ice, and stored at Ϫ80°C until analysis. Serum samples were shipped to Pennington Biomedical Research Center (Baton Rouge, LA) for analysis; Br enrichment was measured by high-performance liquid chromatography (30) . The coefficient of variation (CV) for Br measurements with this technique is ϳ5% (30) .
Two different equations were used to relate the Br dilution space to the ECW (kg). The first is the standard approach (22):
where 0.95 is the Donnan equilibrium correction and 0.9 corrects for the intracellular distribution (including red blood cells). Silva et al. (38) have shown that this Br calculation underestimated the ECW in obese individuals by ϳ1 liter relative to estimates based on total body potassium. They suggested that the 0.9 intracellular correction is too large because obese individuals have a fractional ICW space and a corresponding fractional TBW (fTBW) that is reduced relative to the normal-weight individuals for which this correction was derived. As an approximate correction for the dependence of the intracellular distribution of the subject's body composition, we assumed that the experimental value of fTBW is a surrogate measure of body fat and used this to scale the intracellular correction:
where the factor 1 Ϫ ␤ is used in place of 0.9 in Eq. 1. For normal-weight subjects with 20% body fat, fTBW ϭ 0.584 [assuming TBW/fat free mass ϭ 0.73 (39) ] and 1Ϫ ␤ reduces to the normal value of 0.9 (Eq. 1). For the obese subjects in this study (Table 2) , fTBW ϭ 0.35 and 1 Ϫ ␤ ϭ 0.94, which produces a 4.5% increase (ϳ1 liter) in the estimate of ECW relative to the prediction of Eq. 1. Both the "standard" (Eq. 1) and the "corrected" (Eq.
2) values for ECW are reported in the results. TBW measurements. TBW was determined by deuterium dilution. A fasted baseline urine sample was collected at 7:00 AM of day 2, just before the initiation of the NaBr infusion. Approximately 10 min before completion of the NaBr infusion, a weighed dose of deuterium oxide (99.9 atom%; Isotec, Miamisburg, OH) providing 0.1 g/kg body wt, was IV pushed over a 5-min period. The syringe containing the deuterium oxide was weighed before and after administration to determine the amount that was administered to the subject. Hourly urine samples were collected, as well as a final urine sample at 4 h postinfusion. All urine samples were tightly sealed, packed on dry ice, and stored at Ϫ80°C until analysis. Baseline and 3-and 4-h-postdose urine samples were shipped to Dr. Michael Jensen's laboratory at the Mayo Clinic (Rochester, MN) for analysis. Urine (0.5 ml) was added to ϳ40 mg of activated charcoal, vortexed, and spun in a refrigerated centrifuge for 10 min. The supernatant was then passed through a 0.22-m filter by spinning in a microcentrifuge for 10 min at 8,000 rpm. The filtered sample (1.5 l) was then injected into a chromium furnace held at 825°C (Thermo H/Device). The resulting hydrogen was then passed into the dual inlet of a Thermo DeltaS isotope ratio mass spectrometer (Bremen, Germany) and measured against a deuterium reference gas (Oztech Trading, Safford, AZ). Values (␦‰) were corrected for response by using a five-point calibration curve prepared from secondary reference standards (Iso Analytical, Crewe, UK). Interassay variation of three quality controls measured over a period of 6 mo (n ϭ 28) using a Thermo DeltaS isotope ratio mass spectrometer via Thermo H/Device and dual inlet system was Ͻ1% for the two higher enrichments (892 and 1,738 ␦‰) and 3.5% for the lower value (62 ␦‰). TBW was calculated from the average deuterium enrichment of the 3-and 4-h urine samples (21, 35) and then reduced by 4% to correct for exchange with the nonaqueous compartment (35, 36) .
DXA measurements. DXA scans were performed on the same instrument (GE Lunar Prodigy; GEMedical Systems, Madison, WI) by an experienced technician at the GCRC Body Composition Laboratory. All scans were performed in "thick" mode, using software version 8.8. A modified protocol for conducting half-body scans was developed based on the method described by Tataranni and Ravussin (41) . At each testing visit, individuals were positioned on the left side of the DXA table to undergo a complete scan of the right side of the body, including the entirety of the head, spine, right arm, and right leg. At visits 1-3, a gurney was placed directly next to, and at the same height as, the DXA table to support the left side of the subject's body during scans. The gurney was typically not required at visits 4 and 5 because individuals had lost a substantial amount of body weight by these time points. For individuals experiencing back pain while prone, sand bags were placed under the knees and neck as needed. For the scans, individuals wore a hospital gown or lightweight cotton clothing, with all metal, jewelry, accessories, and brassiere removed. DXA scans provided information regarding whole body and regional fat mass (FM), percent fat (%fat), bone-free lean body mass (LBM), bone mineral content (BMC), and bone mineral density. For the analysis of each DXA scan, a sagittal line was positioned along the spine to demarcate the right side of the body, and regional lines were placed to delineate the right-sided data into trunk, arm, and leg regions of interest (ROI) (Fig. 1) . Only the right-sided total and regional data were utilized. To avoid intraobserver variation (11, 43) , each scan was analyzed by the same researcher.
One problem with DXA regional scans in the obese population is that breast tissue can overlap onto the arm during scanning. To address the problem of breast overlap, we applied three techniques for the comparison of regional estimates of body composition. Technique 1 (no support) provided no breast support to the subject during the scan. Technique 2 (taping) involved wrapping and securing the breast tissue with flexible gauze bandage in a crisscross pattern around the upper torso/shoulder blades; this procedure was performed by trained GCRC staff. Technique 3 (acrylic board) required the placement of a transparent, 0.5-in.-thick 14 ϫ 12-in. acrylic board under the armpit of the subject to provide a physical barrier between the arm and the trunk. The subject was repositioned between the scans for each of the three techniques. The three different scanning methodologies were performed at baseline testing (visit 1) for 17 individuals to establish intramethod variation for the separation of ROI. Analysis of the difference between these three methods determined that the acrylic board was superior to that of taping for reducing breast overlay and estimating both regional and total right-sided estimates of FM. In addition, the acrylic board was a noninvasive technique that could be easily applied to this population (44) . Consequently, for the duration of the study, the acrylic board method was used.
The DXA density contributed by the acrylic board was estimated by using the following procedure. The board was aligned parallel to the X-ray beam so that the regions of the DXA scan that represented just the board could be identified using the ROI function (Fig. 1) .
From measurements of the densities in these regions, it was determined that the board density was interpreted by the software as 100% fat. From measurements on seven individuals for whom the board could be clearly delineated (Fig. 1) , the total board density was 0.919 Ϯ 0.096 kg. This density was subtracted from the measured total DXA fat density. In addition, it was determined that the fraction of the board that contributed to the arm, trunk, and leg was 0.50, 0.42, and 0.08 respectively, and these fractions of the total board density were subtracted from the fat values for these regions.
To minimize rounding errors, all calculations were performed in grams, and final values for FM and fat-free mass (FFM) were converted to kilograms. The right-side mass values for FM, LBM, and BMC were multiplied by two to derive total body FM and FFM (FFM ϭ BMC ϩ LBM). Although Tataranni and Ravussin (41) observed a small difference between right-and left-side measurements, in a recent study using an iDXA scanner, Rothney et al. (34) did not observe any significant difference for the two sides or for twice the half-body measurement vs. the directly measured total.
FM estimated from TBW measurement. Two different relations were used for determining FM from TBW measurements. The standard procedure is to assume that the water fraction of FFM (TBW/ FFM) is a constant (0.738), independent of body composition (2):
However, using 3C measurements of body fat, Das et al. (8) The model assumes that the total body composition is divided into skeletal muscle (M), adipose (A), bone (B), and all the other organs (E; skin, gastrointestinal tract, nervous system, etc.). It is assumed that 1) the only weight changes that occur after surgery are changes in the adipose and muscle mass, with no significant changes in E or B, and 2) as the body fat decreases, there is a corresponding increase in the ECW fraction of adipose tissue as the adipose cell volume decreases. This dependence of human adipose tissue extracellular volume on the degree of obesity is well documented (1, 13, 28, 33, 42) . The adipose ECW is equal to the total adipose mass minus the FM:
where a is defined as the extracellular fraction of adipose tissue. Solving Eq. 5 for adipose ECW gives
This relation assumes that the adipose ICW is negligible, which is consistent with the results of Wang and Pierson (48), who found no significant difference between the total adipose water and the adipose ECW determined by the Br space. The muscle is described by the two parameters M (total muscle mass) and m (extracellular fraction of muscle). It is assumed that m is constant, whereas the extracellular fraction of adipose (a) changes after bariatric surgery. These assumptions lead to the following two equations describing the changes in TBW (⌬TBW) and ECW (⌬ECW) between the first visit before surgery (visit 1) and visit i after surgery:
Given this model (Eq. 7) and some reasonable assumptions about the parameters M 1, a1, m, and c, one can estimate the change in M and a between visit 1 (M1, a1) and visit i (Mi, ai) using the experimental measurements of ⌬ECW and ⌬TBW. The details of this derivation, the basis for the choice of parameters, and a sensitivity analysis of parameter dependence are described in the APPENDIX. Fig. 1 . Example of dual-energy X-ray absorptiometry (DXA) scan analysis. The image at left illustrates how the half-body scan line was determined and how the trunk, arm, and leg were defined using the region of interest (ROI) feature. The image at right illustrates the density contribution of the acrylic board.
By using the values ai obtained with this modeling, the DXA measurements can be used to estimate the arm and leg skeletal muscle mass loss. Assuming that the change in DXA LBM results entirely from the change in skeletal muscle mass plus the change in the adipose ECW water:
where LBM1, LBMi; FM1, FMi; and M 1, Mi are the lean, fat, and skeletal muscle mass at visits 1 and i, respectively. By using the DXA measurements for the LBM and FM, Eq. 8 can then be solved for the change in muscle mass.
Statistics. The only statistical test used was the standard unequal variance, two-sample, two-tailed t-test as implemented in Maple (Maplesoft).
RESULTS
DXA measurements.
One measure of the accuracy and reliability of DXA measurements is obtained by comparing the scale weight with the total DXA mass (defined as twice the value of the sum of the total DXA half-body FM, bone, and LBM). The scatter plot of (DXA weight Ϫ scale weight)/(scale weight) is shown in Fig. 2 . The average value of this parameter is 0.012, indicating that the average DXA weight is 1.2% greater than the scale weight. This error cannot be explained by a DXA bias for the extremely obese individuals, because there was there was no significant difference (P Ͼ 0.3) between the error for the first visit (0.0127 Ϯ 0.035) vs. the last visit (0.0083 Ϯ 0.016). This small error in the DXA measurements could result from either an error in the DXA calibration or a bias in the procedure used to determine the body midline for the half-body density measurements. In any case, all the DXA weights were adjusted by a factor of 0.988 to make the average DXA weight equal the scale weight. As shown in Fig. 2 , there were three outliers (out of a total 145) in which the difference between the scale and DXA weight was Ͼ8%, and these measurements were discarded. When these three measurements were removed, the standard deviation of (DXA Ϫ scale weight)/scale weight was reduced from 0.035 to 0.027. These scaled weights with the three outliers removed are used in all the rest of the analyses.
The mean scale weight, BMI, and total DXA fat, lean, and bone mass (in kg) for each visit are presented in Table 3 . The average values of the DXA fat, lean, and bone mass for the arm, leg, and trunk regions are shown in Table 4 . There was no significant change in the arm and leg bone mass between the first and last visit. However, there was an apparent 63% increase in the trunk bone mass between the visit before surgery (0.55 kg) and the 6-mo postoperative visit (0.9 kg). Table 5 lists the values of the DXA total fat, lean, and bone mass fraction (defined as DXA mass/scale weight).
At the first visit for 22 of the individuals, three separate scans were obtained using no support, taping, or the acrylic board to investigate the effectiveness of the breast constraint in separating the trunk and arm mass. Although it was determined that the acrylic board provided the most direct separation and this was used in all the other individuals and at all subsequent visits, there were no significant differences for any of the constraints for the DXA arm, leg, and trunk measurements. These independent duplicate measurements can be used to estimate the reproducibility of the DXA results, including the assignment of the anatomical half-body arm, trunk, and leg regions. The coefficient of variation for all the measurements (fat, lean, and bone for leg, arm, and trunk) was 5% or less, with the exception of the trunk bone measurement, which had a large variation (18%). When there were multiple measurements for the whole body DXA for the first visit, averages of these measurements were used in all the following results. For the arm, trunk, and leg measurements, only the results with the acrylic board were used.
TBW and ECW measurements. The average values of the TBW and the standard and corrected ECW estimates are listed in Table 6 . TBW decreased while ECW remained unchanged over the course of the five visits. Table 7 lists the values of weight fraction of the TBW, ECW, ICW, and the ratio ECW/ ICW. Body fat estimates. Three different estimates of FM mass were made: 1) DXA total FM, 2) from TBW using the standard TBW/FFM relation (Eq. 3), and 3) from TBW using the corrected TBW/FFM relation (Eq. 4). For this comparison, only individuals that had both DXA and TBW measurements at visits 1, 3, 4, and 5 were used. Table 8 lists these three estimates of FM along with the scale weight, the ratio DXA FM/weight, and the ratio TBW/(DXA FFM).
Physiological model prediction of skeletal muscle weight loss. Table 9 lists the model predictions (Eq. 7) of the change in muscle mass and ECW adipose fraction for visits 3-5 based on the experimental TBW and ECWcor measurements (Table  6 ). Table 10 lists the values of arm and leg muscle loss (Eq. 8) Values of the half-body DXA mass have been multiplied by 2. LBM, lean body mass. estimated from the DXA LBM and FM measurements (Table  4 ) and the model ECW adipose fraction ( Table 9 ).
DISCUSSION
The weight and fat loss results of this study are compared with previously published results in Table 1 . The 34% weight loss 12 mo after RYGB surgery and the DXA and TBW estimates of FM loss are similar to those reported previously. The TBW estimate of the change in FM after 12 mo (visit 5) determined using either the standard (⌬FM ϭ 36.95 kg) or corrected (⌬FM ϭ 37.93 kg) TBW relation (Eqs. 3 and 4) is significantly larger than that for the DXA measurement (⌬FM ϭ 32.62 kg) ( Table 8) . As discussed below, there are several reasons for suspecting that for the highly obese individuals, the TBW estimates of FM are more accurate than the DXA measurements.
The TBW and ECW results of this study were compared with previously published bariatric surgery results in Table 2 . The initial and final TBW were similar to those of other studies using deuterium dilution. With the exception of the Das et al. Table 2 , with a larger initial ECW and a greater change after surgery. All of these values for ECW/ICW are significantly larger than the standard reference value for normal-weight individuals of 0.76 (8) . As discussed below, these changes in TBW and ECW in obesity and following RYGB can be explained by the normal physiological body composition changes that occur in obesity and during weight loss.
Limitations of DXA measurements in extremely obese individuals. Although the recently developed iDXA scanner (GE Lunar Medical Systems, Madison, WI) allows measurements on subjects weighing up to 500 lb. (34) , the great majority of DXA measurements in most clinical settings are still made on standard-sized instruments. We were able to reproducibly define the half-body anatomical markers and found that doubling the half-body total DXA mass produced values that were in good agreement with the individual's scale weight (Fig. 2) . We anticipated that this approach would provide an accurate method for fat measurement in these individuals. However, there are two features of the DXA measurements that suggest that DXA fat and bone calibration in these highly obese individuals is not reliable.
The first feature comes from measurements of bone mass. The total bone mass of 2.58 kg for the first visit (presurgery) was 16% less than the value at the fourth visit (6 mo), when the individuals had lost 24% of their weight (Table 3) . Because an increase of this magnitude in bone mass after bariatric surgery is highly unlikely, this result suggests that the initial DXA measurement underestimates the true bone mass. The error seems to be limited to the trunk region, where there was a 63% increase in bone mass between the first and fourth (6 mo) visit (Table 4 ). In contrast, there was no significant change in bone mass in the arm and leg regions ( Table 4 ). The total bone mass values at visits 4 (6 mo) and 5 (12 mo) were between 3.00 and 2.88 kg and are close to the reported normal values (39) , suggesting that the DXA error only occurs in highly obese individuals.
The second feature that indicates an error in the DXA measurements in these highly obese individuals comes from a comparison of the DXA and TBW FM estimates. The ratio TBW/(DXA FFM) before surgery is 0.70 (Table 8) , which was significantly less than the standard value of 0.738 (2) for Values of the half-body DXA mass have been multiplied by 2. For the initial visit (visit 1), values are listed for either all the subjects (n ϭ 29) or for those subjects that had subsequent water and DXA measurements at visits 3-5 (n ϭ 20). Values are means Ϯ SD of FM, LBM, and bone mass divided by the scale weight. For the initial visit, values are listed for either all the subjects (n ϭ 29) or for those subjects that had subsequent water and DXA measurements at visits 3-5 (n ϭ 20). P value indicates significant difference in comparison with value at the first visit that had subsequent measurements. NS, no significant difference.
normal-weight individuals. One would predict that in obese individuals, the ratio TBW/FFM should, if anything, be greater than the standard 0.738 value because of the additional adipose ECW. This prediction was confirmed by Das et al. (8), who found a TBW/FFM value of 0.756 for highly obese individuals by using 3C measurements of fat. The ratio TBW/(DXA FFM) is close to the standard value of 0.738 for the individuals at visits 4 (6 mo, 0.743) and 5 (12 mo, 0.752), again suggesting that the DXA calibration is accurate for these less obese individuals. This too small value for the ratio TBW/(DXA FFM) should produce an underestimate of the true FM value (assuming the TBW measurement is correct). In support of this prediction, before surgery, the DXA FM was ϳ7% less than the TBW estimate (Table 8) . Again, there was good agreement between the DXA and TBW FM predictions at the visits 6 and 12 mo after the individuals had lost weight. This is consistent with the results of Williams et al. (49) , who found good agreement between Lunar DXA and 4C fat measurements in moderately obese individuals. This error in DXA measurements is consistent with the recent results of Valentine et al. (45) , who determined the ability of DXA to detect changes in total fat when 2-kg lard packets were placed on the trunk or legs of normal-weight individuals. They found a large error in the trunk measurements, with only 59% of the exogenous weight correctly interpreted as fat, whereas the thigh measurements were more accurate, with 94% correctly interpreted as fat.
Implications of physiological model analysis: changes in muscle mass and ECW/ICW following bariatric surgery. The model has two basic assumptions. The first is that only the weight of adipose (including all organ fat deposits) and muscle tissue changes following surgery, whereas the weight of the skin, gastrointestinal tract, nervous system, and other tissues remains constant. This leads to an increase in the relative skin weight after weight loss and corresponding increases in ECW/ICW because skin has a high ECW fraction (ϳ0.42) relative to other tissues (25) . Although it is generally recognized that there is an increase in the relative skin mass after bariatric surgery, we are not aware of any quantitative measurements that support this assumption. Although there are large changes in, for example, liver and abdominal organ weights following bariatric surgery, most of this weight loss can be attributed to the loss of organ fat deposits (including decreases in liver steatosis) and not lean organ weight (3, 12) .
The second assumption is that the ECW fraction of adipose tissue increases as the adipose cell volume shrinks following weight loss. Biopsies from normal and obese subjects have shown that the adipose ECW fraction is greater in normalweight individuals (1, 28, 33, 42) , and Entenman et al. (13) have shown that the ECW fraction increases after weight loss with the reported values for adipose ECW fraction increasing from a range of 0.08 to 0.15 in obese individuals to 0.20 to 0.3 in normal-weight individuals. These direct biopsy measurements are similar to our model predictions of an increase of the adipose ECW fraction from 0.12 before surgery to 0.245 by 1 yr after surgery (Table 9) .
This model allows us to use the experimental TBW and ECW measurements (Table 6 ) to predict the change in muscle mass following bariatric surgery (Eq. 7). The predicted muscle mass decreases from 24.6 kg before surgery to 15.81 kg after surgery, a decrease of 35% (Table 9 ). This result is consistent with the reported 33.5% decrease in maximal lower limb force 1 yr after bariatric surgery (23) . This predicted muscle loss corresponds to 19% of the total weight loss. Using whole body MRI, 40 K, and [ 13 C]leucine kinetics, Gallagher et al. (16) reported a muscle loss of ϳ17% of the total weight loss following dieting in mildly obese individuals. Our model results should be regarded as the maximum estimate of muscle loss, since the model is based on the assumption that only the muscle and adipose tissue weight decreases during weight loss. Any skin or other organ weight loss would decrease the calculated muscle loss.
By using this estimate of the ECW adipose fraction before and after surgery, the arm and leg muscle mass loss can be estimated from the DXA lean and FM measurements (Tables 4) using Eq. 8. (The trunk is not used in this calculation because of the unreliability of trunk DXA measurements as discussed above). One year after surgery there was a loss of ϳ1.7 kg of arm muscle and 4.92 kg of leg muscle (Table 10) . This corresponds to ϳ13% of the initial arm weight and 10% of the initial leg weight.
As summarized in Table 2 , the ratio ECW/ICW in highly obese individuals is significantly greater than that in normalweight individuals (0.76), and this ratio slightly increases after bariatric surgery in most studies. Although this is usually explained as an obesity-related chronic alteration in fluid regulation (27, 29, 37, 51) , our model analysis suggests that this result can be explained in terms of normal physiological changes in body composition. Our experimental measurements of TBW and ECW are consistent with the body composition model and the predicted changes in muscle mass.
These model calculations depend on a number of assumptions and should be regarded only as approximate. The important point is that our experimental value of ECW/ICW of 0.82 before surgery and its increase to 1.08 after weight loss (Table  2) are consistent with physiological body composition changes, and one does not need to invoke any abnormal change in water balance or regulation. The key reason why the ratio ECW/ICW does not decrease toward normal after bariatric surgery is that the skin mass, with its high ECW space, remains relatively constant.
Conclusions and summary. Although the half-body DXA FM, bone, and LBM can be reproducibly measured, the bone and FM are probably underestimated in highly obese individuals because of the increased photon absorption. The DXA total FM before bariatric surgery is ϳ7% less than that based on TBW measurements. At 6 and 12 mo after surgery, the DXA and TBW fat measurements were in good agreement. The ECW/ICW was significantly increased above normal before surgery, and it increased slightly after surgery. These changes are consistent with the expected physiological changes in body composition after surgery, particularly the relative increase in skin mass and the increase in the adipose ECW fraction as fat cells shrink. A quantitative body composition model of the changes in ECW and TBW can be used to predict Values are means Ϯ SD. Only data for subjects (n ϭ 20) that had water and DXA measurements at visits 1, 3, 4, and 5 are included. Fat-free mass (FFM) ϭ scale weight Ϫ DXA FM; FM estimates included the DXA FM as well as the standard (FMtbw) and corrected (FMtbwcor) body fat estimated from TBW. P value indicates significant difference in comparison with value at the first visit.
the changes in muscle mass that occur following bariatric surgery. This model predicts a maximum 35% muscle mass loss corresponding to 19% of the total weight loss. Our analysis suggests that the water composition changes can be explained entirely on the basis of the physiological changes that occur in body composition following bariatric surgery and do not represent abnormal changes in fluid balance. The experimental measurements for TBW, ECWcor (Table 6) , and FM (Table 8 , TBWcor) for visits 1, 3, 4, and 5 were used as input to these equations. The parameters M1, a1, m, and c were estimated as follows. The reference normal female value of the muscle mass/LBM is 0.423 (50) . Assuming that the skeletal muscle relative to "lean" body weight of the average obese subjects at visit 1 is also 0.423, a value for M1 of 24.6 is obtained for the average obese subject (weight ϭ 132 kg, fat ϭ 76.43). The value of a1 was assumed to be 0.12, similar to what is found experimentally from adipose samples from obese individuals (1, 13, 28, 33, 42) . A value of m (ECW muscle weight fraction) of 0.117 and a value of c (muscle cell water fraction) of 0.75 were assumed based on measurements on skeletal muscle (25) .
An analysis of the sensitivity of the calculated changes in muscle mass to the assumed initial parameters is described in Table A1 , where the dependence of muscle mass value as a function of the range of values of the various parameters is listed. This analysis shows that the calculation of the fraction of muscle loss after surgery is relatively robust and insensitive to the model assumptions. Values represent sensitivity analysis of the dependence of the calculation of the adipose ECW fraction at visit 5 (a5) and the fractional change in muscle mass [(M1 Ϫ M5)/M1] for various combinations of the assumed model parameters: M1, muscle mass at first visit; a1, adipose ECW fraction at first visit; m, muscle ECW fraction; and c, muscle cell water fraction.
